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Abstract: In view of the increasing demand for essential oils from medicinal and aromatic plants, the application of irradiated
polysaccharides like chitosan is a promising option. A pot experiment was performed to study the influence of various
concentrations of irradiated chitosan (ICN) on growth, physiological, and yield parameters of Mentha piperita L., a plant
with considerable pharmaceutical importance. The treatments were foliar spray of deionized water only (control), foliar
spray of unirradiated chitosan (40 mg L–1), and ICN at 40, 80, 120, and 160 mg L–1. Among these, 80 mg L–1 ICN (treatment
4) proved to be the best for most of the parameters studied. This treatment increased the fresh and dry weights of the plant
by 65.3% and 62.7%, respectively. Furthermore, 80 mg L–1 ICN also showed an increase of 22.6% and 19.7% in carbonic
anhydrase and nitrate reductase activity, respectively, while chlorophyll fluorescence was increased by 16.3% compared to
the control. Leaf nitrogen content showed an enrichment of 18.2% whereas phosphorus and potassium contents increased
by 10.1% and 7.9%, respectively, exceeding the control. Total phenol content exhibited an increment of 18.1%. Treatment
4 (80 mg L–1 ICN) improved essential oil content and yield by 36.8% and 126.1%, respectively, at 150 days after planting
(DAP). Gas chromatography revealed that menthol content increased by 14.8%; however, menthone and menthyl-acetate
contents with 80 mg L–1 ICN decreased by 2.5% and 4.8%, respectively, at 150 DAP.
Key words: Irradiated chitosan, Mentha piperita L., chlorophyll fluorescence, essential oil, gas chromatography, menthol

1. Introduction
Due to its considerable pharmaceutical importance, in
addition to its use in food and cosmetics, Mentha piperita
L. (peppermint) has always been a crop of interest. It has
extensive uses in food, confectionaries, mouthwashes,
chewing gums, toothpastes, herbal preparations, and various
aromatherapy products (Lawrence, 2007). Its medicinal uses
include antiinflammatory, carminative, analgesic, stimulant,
emmenagogue, diaphoretic, antiemetic, antispasmodic,
and anticatarrhal. It can also be used to treat anorexia,
bronchitis, flatulence, ulcerative colitis, nausea, and liver
complaints. Peppermint oil can also be externally applied
for antiseptic, antipruritic, rubefacient, antimicrobial, and
astringent purposes, in addition to its use for the treatment
of migraines, headaches, neuralgia, and myalgia (Foster,
1990; Bisset, 1995; Brown, 1995; Baytop, 1999; Cowan,
1999). It has also been used to combat viral infections. The
aqueous extract of the plant, as well as the main constituent
of its oil, i.e. menthol, have shown promising results
* Correspondence: bilalbhat7l2@gmail.com
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against herpes, influenza, and other viruses (Mohsenzadeh,
2007). Its medicinal importance is further signified by the
radioprotective effects of the plant and its oil on patients
undergoing cancer treatment (Baliga and Rao, 2010).
Natural polymers have revolutionized the field of
agriculture due to their ability to act as efficient plant
promoters. Among these, chitosan has an important
status because of its peculiar biological properties, like
biocompatibility, biodegradability, nonantigenicity, and
nontoxicity. It has widespread applications in different
fields, including biotechnology, medicine, water treatment,
food science, and agriculture. It has been used for coating
vegetables, fruits, and seeds (Majeti and Kumar, 2000; Lee
et al., 2005; Photchanachai et al., 2006); for protecting
plants against pathogens by stimulating the immune
system through arousing defense processes and thus
enhancing plant growth and production (Nge et al., 2006);
and for ensuring the controlled and legal agrochemical
release of fertilizers (Sukwattanasinitt et al., 2001).
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In order to fully explore the genetic potential of the
plant in terms of growth and yield attributes as well as
quality, the application of ionizing radiations (radiation
processing) to natural bioactive polymers has proven to
be the most promising technology for increasing crop
productivity, as the application of ionizing radiations
increases the efficiency of these polymers as plant
promoters (Nagasawa et al., 2000; Naeem et al., 2012).
Though other conventional techniques of degradation are
also available, ionizing radiations offer a valuable singlestep degradation format (Choi et al., 2002). Among the
various natural polymers used in the degraded form,
chitosan is the most important one. In order to reduce its
molecular weight without any alteration in its chemical
structure, degradation induced by radiation offers a
comparatively simple and ecofriendly technique that has
proven fruitful in large-scale production of oligo-chitosan
(Hien, 2004; Haji-Saeid et al., 2010).
Foliar applications of chitosan oligomers show
biological activities (Chmielewski et al., 2007; Hossain et
al., 2013; Ali, 2014) such as antifungal (Jeon et al., 2001),
antitumor (Qin et al., 2002), and antibacterial (Zheng and
Zhu, 2003) effects. These oligomers enhance growth in
barley and soya bean (Luan et al., 2006), reduce the damage
caused by vanadium in wheat and rice (Tham et al., 2001),
enhance growth as well as essential oil (EO) content and
yield in Eucalyptus citriodora Hook. (Ali et al., 2014), and
enhance growth, biochemical, and yield parameters and
alkaloid content in Trigonella foenum-graecum (Dar et al.,
2015).
Meager literature is available on the investigation
of radiation-processed chitosan’s influence on the
production of secondary metabolites in plants (Al-Tawaha
et al., 2005). Furthermore, no reports are available that
investigate its effect on the production and content of the
main components of peppermint oil. The present study is
the outcome of the hypothesis we postulated regarding the
influence of exogenous application of chitosan oligomers
that led us to investigate whether chitosan oligomers can
augment the growth, biochemical, and yield parameters of
peppermint.
2. Materials and methods
2.1. Growth conditions and plant material
The experiment was conducted in plastic pots (40 cm
diameter × 45 cm height) in the natural conditions of the
net house at the Department of Botany, Aligarh Muslim
University, Aligarh, India (27°52′N, 78°51′E, and 187.45 m
altitude). The plants were propagated by means of healthy
rhizomes procured from the Central Institute of Medicinal
and Aromatic Plants, Lucknow, Uttar Pradesh (India).
Surface sterilization of the rhizomes was carried out using
0.02% HgCl2 solution with frequent shaking for 5 min,

followed by a thorough washing with deionized water.
Each pot was filled with 8.5 kg of a homogeneous mixture
of soil and organic manure prior to transplanting. The soil
samples were randomly collected from different pots and
soil characteristics were analyzed before transplantation of
plant material. Analysis of the soil was carried out at the soiltesting laboratory, Indian Agricultural Research Institute,
New Delhi, India. Physicochemical characteristics of the
soil were: sandy loam texture, pH (1:2) 7.8, EC (1:2) 0.51
m mhos cm–1, and 93.6, 8.7, and 138.4 mg available N, P,
and K per kg of soil, respectively. A uniform basal splitdose of N, P, and K (30 + 30, 30 + 30, and 30 + 30) mg per
kg soil, respectively, was applied in the form of urea, single
superphosphate, and muriate of potash, respectively. The
second split dose was applied to the soil after 1 month.
2.2. Irradiation of chitosan
Chitosan was purchased from a marine chemicals
company in India. Gamma ray irradiation of the chitosan
samples was done using Co-60 at a total dose of 250 kGy.
The samples were irradiated (Cobalt-60, GC-5000) in a
gamma radiation chamber (BRIT, Mumbai, India).
2.3. Scanning electron microscopy (SEM) analysis
With the help of SEM (Philips XL 30 ESEM, JEOL, Japan),
the morphological structure of chitosan was examined.
Prior to analysis, the samples were coated with gold.
SEM analysis was performed for both unprocessed and
processed materials (Figures 1a and 1b) at the Ultra
Sophisticated Instrumentation Facility of Aligarh Muslim
University, Aligarh, India.
2.4. Experimental plan
Radiation-processed chitosan was dissolved using acetic
acid and then different concentrations [0 (control), 40, 80,
120, and 160 mg L–1] were prepared using double distilled
water (DDW). Deionized water and an unirradiated
chitosan solution (UCN-40 mg L–1) were used as the control
spray treatments. Five spray treatments were applied at an
interval of 7 days using a hand sprayer. The first spray was
applied at 90 days after planting (DAP). Each treatment
contained five replicates. A simple randomized design
was used for the present study. Weeding and watering
of the plants was done as and when required. The crop
performance was assessed in terms of growth attributes,
physiological and biochemical attributes, and content
as well as yield of EO and active constituents of Mentha
piperita L. at 150 DAP.
2.5. Determination of growth attributes
Plant shoot and root lengths and fresh and dry weights
were determined at 150 DAP. Five plants of each treatment
pot were uprooted and the roots were washed carefully
with tap water to remove any adhering foreign particles.
The water was removed using blotting paper, and the
shoot and root lengths and fresh weights of the plant were
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Figure 1. SEM: unirradiated chitosan (a), irradiated chitosan (b).

measured. After measuring plant fresh weights, the plants
were dried at 80 °C for 24 h using a hot air oven, and plant
dry weight was recorded thereafter.
2.6. Determination of physiological activities
2.6.1. Estimation of total chlorophyll and carotenoid
contents
Contents (concentrations) of chlorophyll and carotenoids
were estimated in the fresh leaves according to the method
of Lichtenthaler and Buschmann (2001). Fresh tissue
was taken from the interveinal area of a leaf and ground
with 100% acetone using a mortar and pestle. The optical
density (OD) of the pigment solution was recorded at 662,
645, and 470 nm to determine the contents of chlorophyll

390

a, chlorophyll b, and total carotenoids, respectively, with
the help of a spectrophotometer (Shimadzu UV-1700,
Tokyo, Japan). Total chlorophyll content was estimated by
adding the contents of chlorophyll a and b. The content of
each photosynthetic pigment was finally expressed as mg
g–1 leaf FW.
2.6.2. Determination of activities of nitrate reductase
(NR) and carbonic anhydrase (CA)
NR activity (EC 1.7.1.1) was estimated by the intact tissue
assay method developed by Jaworski (1971). The amount
of nitrite formed was determined spectrophotometrically.
Fresh chopped leaves weighing 0.2 g were transferred to
a plastic vial. Each vial contained 2.5 mL of phosphate
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buffer (pH 7.5), 0.5 mL of potassium nitrate solution, and
2.5 mL of 5% isopropanol. After incubation for 2 h at 30
°C, 0.4 mL of the vial’s content was transferred to a test
tube. To this, 0.3 mL each of 1% sulfanilamide and 0.02%
N-(1-naphthyl) ethylenediamine dihydrochloride solution
was added. Lastly, the vials were kept at room temperature
for 20 min for maximum color development and the vial
content was diluted to a volume of 5 mL with distilled
water. The OD of the content was recorded at 540 nm
using the spectrophotometer. NR activity was expressed as
nanomoles of nitrite produced per gram fresh weight of
leaf tissue per hour (nM NO2–1 g–1 FW h–1).
CA activity was measured in fresh leaves, using the
method devised by Dwivedi and Randhawa (1974).
Chopped leaf pieces (0.2 g) were transferred to a petri
plate. The leaf pieces were then dipped in 10 mL of 0.2
M cysteine hydrochloride solution for 20 min at 4 °C. To
each test tube, 4 mL of 0.2 M sodium bicarbonate solution
and 0.2 mL of 0.002% bromothymol blue were added. The
reaction mixture was titrated against 0.05 N HCl using
methyl red as indicator. The enzyme activity was expressed
as M CO2 kg–1 leaf FW s–1.
2.6.3. Total phenol content (TPC)
TPC was estimated using the method described by
Sadasivam and Manickam (2008). Using a mortar and
pestle, 500 mg of the leaf sample was ground along with
10 times the volume of 80% ethanol. Centrifugation of
the homogenate at 10,000 rpm (10,062 × g) for 10 min at
4 °C was done, saving the supernatant. The supernatant
was evaporated to dryness, and 5 mL of DDW was added
thereafter. Later, 0.5 mL of Folin–Ciocalteu reagent
and 2 mL of 20% Na2CO3 were added to each tube. The
OD of the obtained solution was measured at 650 nm
against a reagent blank. Using the standard curve, the
concentrations of phenols were determined as mg phenol
100 g–1 of the leaves.
2.6.4. Estimation of chlorophyll fluorescence (Fv/Fm)
Fv/Fm was measured in diurnal time using a saturation
pulse fluorometer PAM-2000 (Walz, Effeltrich, Germany).
All measurements were carried out on the first pair of
unifoliolate, fully expanded leaves. The upper surface of
leaf was clipped to measure the chlorophyll fluorescence.
2.7. Estimation of N, P, and K contents in leaves
Leaf samples from each treatment were digested for the
estimation of leaf N, P, and K contents. The leaves were
dried for 24 h in a hot-air oven maintained at 100 °C. The
dried leaves were ground using a mortar and pestle and
the leaf powder was sieved using a 72 mesh. To estimate N,
P, and K contents, 100 mg of the oven-dried leaf powder
was carefully transferred into a digestion tube, to which
2 mL of analytical reagent grade concentrated sulfuric
acid was added. The content was heated on a temperaturecontrolled Kjeldahl assembly at 100 °C for about 2 h and

then cooled for about 15 min at room temperature. To
the cooled content, 0.5 mL of 30% H2O2 was added. The
addition of H2O2 was followed by gentle heating (at 50 °C)
of the content, followed by cooling at room temperature.
This step was repeated until the content of the tube turned
colorless. The resulting material was used to estimate the
percentage of N, P, and K contents in the leaves on a dryweight basis.
2.7.1. Estimation of nitrogen content
Leaf N content was estimated according to method of
Lindner (1944), with slight modification by Novozamsky
et al. (1983). The dried leaf-powder samples were digested
with H2SO4 in digestion tubes using a temperaturecontrolled digestion assembly. A 10-mL aliquot of
peroxide-digested leaf material was transferred into a
50-mL volumetric flask. To neutralize the excess acid and
prevent turbidity, 2 mL of 2.5 N sodium hydroxide solution
and 1 mL of 10% sodium silicate solution were added,
respectively. A 5-mL aliquot of the peroxide-digested leaf
material was transferred into a 10-mL graduated test tube,
followed by the addition of 0.5 mL of Nessler’s reagent.
The OD of the solution was recorded at 525 nm using the
spectrophotometer.
2.7.2. Estimation of phosphorus content
The method of Fiske and Subba Row (1925), with slight
modification by Rorison et al. (1993), was used to estimate
the P content in the peroxide-digested leaf material. A
5-mL aliquot was poured into a 10-mL graduated test tube.
To it, 1 mL of molybdic acid (2.5%) was added, followed
by addition of 0.4 mL of 1-amino-2-naphthol-4-sulfonic
acid. When the color of the content turned blue, the
volume of the content was increased to 10 mL using DDW.
The OD of the solution was recorded at 620 nm using the
spectrophotometer.
2.7.3. Estimation of potassium content
Leaf K content in the peroxide-digested material was
determined with a flame photometer (Model C150, AIMIL,
India) and a specific filter, according to Hald (1947). In
the flame photometer, the peroxide-digested leaf material
was discharged into a chamber through an atomizer in
the form of a fine mist, where it was drawn into a flame.
Combustion of the elements produced light of a particular
wavelength [λmax for K = 767 nm (violet)]. The light
thus produced was passed through an appropriate filter
to imprint upon a photoelectric cell that subsequently
activated a galvanometer.
2.8. Yield and quality parameters: isolation and
compositional analysis of EO
Fresh leaves were collected from each treatment pot at 150
DAP. These were chopped and mixed together. Thereafter,
sufficient quantities of chopped leaf pieces were taken for
the estimation of EO. The EO was extracted and determined
gravimetrically according to Guenther (1972). The EO
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content in the leaves was extracted through distillation for
3 h using a Clevenger apparatus. The EO was dried over
anhydrous sodium sulfate and preserved in sealed glass
vials at 4 °C for gas-liquid chromatography analysis.
The active constituents of the EO were determined
using a gas chromatography (GC) apparatus (Agilent, USA,
7890B) equipped with a capillary column HP5 (coated
with polyimide and fused silica) (30 m × 0.320 mm ×
0.00025 mm), a flame ionization detector, and an injector.
Nitrogen was used as the carrier gas. The GC temperature
schedule was as follows: detector temperature, 270 °C;
oven temperature, 260 °C; injector temperature, 250 °C.
The sample size was 0.2 µL. The initial temperature was
40 °C with a hold time of 2 min; it was increased to 260
°C at the rate of 5 °C per minute with a final hold time of
10 min. Identification of the active constituents (menthol,
menthone, menthyl-acetate, and 1,8-cineole) was based
on retention time. It was quantified as percent content,
comparing their peaks with standard reference peaks
obtained from the literature (Adams, 2007).
2.9. Statistical analysis
Each pot was treated as one replicate and all the treatments
were repeated five times. The data were analyzed statistically
using SPSS 21 (IBM Corp., Armonk, NY, USA). Means
were compared using Duncan’s multiple range test at P
< 0.05. Standard error was also employed to separate the
means in the tables and figures.
3. Results and discussion
3.1. Growth attributes
A wide variety of factors are known to influence
different processes related to growth and development
in plants. These may be natural and endogenous, like
plant hormones, or synthetic and exogenous, like plant
growth regulators and elicitors (Srivastava and Srivastava,
2007; Taiz et al., 2014). Out of many exogenous elicitors,
radiation-processed polysaccharides such as chitosan
effectively promote growth, thereby increasing fresh and
dry weights and shoot and root lengths of plants (Hegazy
et al., 2009; Ali et al., 2014; Dar et al., 2015). In the present

study, foliar-applied chitosan oligomers significantly
influenced the growth parameters. In comparison to the
control, 80 mg L–1 proved to be the best and showed a
maximum increment of 65.3% and 62.7% in fresh and dry
weights of Mentha piperita L., respectively, at 150 DAP
(Table 1). This treatment increased the shoot and root
lengths by 39.5% and 55.5%, respectively, over the control
at 150 DAP (Table 1). Increasing the concentration above
80 mg L–1 resulted in a decrease in growth parameters.
Chitosan oligomers have been reported to enhance the
growth of fenugreek (Dar et al., 2015), eucalyptus (Ali,
2014), wheat and rice (Tham et al., 2001), orchid (Nge
et al., 2006), and rape plants (Chmielewski et al., 2007).
Darvill et al. (1992) are of the view that plants recognize
these oligosaccharides as elicitors, thereby regulating
different aspects of growth and development and defense
responses in plants. Furthermore, radiation processing of
chitosan might influence the polymer cross-linking, which
might have an effect on the biological properties of plant
cells (El-Rehim, 2006). In addition, growth promotion
might be an effect of nitrogen as chitosan contains about
8.7% nitrogen, as suggested by Ohta et al. (1999).
3.2. Physiological and biochemical attributes
3.2.1. Photosynthetic pigments
Significant increases were observed in chlorophyll and
carotenoid contents of peppermint after foliar application of
chitosan oligomers. At 150 DAP, 80 mg L–1 ICN significantly
increased the total chlorophyll content (21.7%) as well as
the total content of carotenoids (27.4%) compared to the
control and UCN (Table 2). A progressive increase was
observed in the photosynthetic pigments up to 80 mg L–1.
The values showed a significant decline thereafter. These
results are in agreement with those of Ali (2014) and Dar
et al. (2015). Further support comes from the studies of ElTantawy (2009), who observed that chitosan application
resulted in an increase in photosynthetic pigments. It
might, however, be that radiation-processed chitosan has a
favorable effect on photosynthesis and other physiological
and biochemical processes, resulting in enhanced growth
and, in turn, increased pigments of photosynthesis.

Table 1. Effect of six concentrations of foliar sprays of ICN [0 (control), UCN, 40, 80, 120, and 160 mg L–1] on growth parameters
of Mentha piperita L. (mean of five replicates ± SE). Means within a row followed by the same letter(s) are not significantly different
according to Duncan’s multiple range test (DMRT) (P ≤ 0.05).
Treatments

Treatment 1
(control)

Treatment 2
(UCN)

Treatment 3
(ICN 40 mg L–1)

Treatment 4
(ICN 80 mg L–1)

Treatment 5
(ICN 120 mg L–1)

Treatment 6
(ICN 160 mg L–1)

Fresh weight (g)

84.37 ± 2.98 d

89.75 ± 3.60 d

108.57 ± 2.99 c

139.43 ± 3.05 a

129.62±2.59 b

122.83±2.53 b

Dry weight (g)

20.06 ± 0.83 d

21.01 ± 0.76 d

25.57 ± 0.87 c

32.64 ± 0.67 a

30.04 ± 0.75 b

28.37 ± 0.61 b

Shoot length (cm)

66.9 ± 2.50 d

68.2 ± 2.38 d

75.4 ± 2.40 c

93.3 ± 1.92 a

88.4 ± 2.08 ab

85.1 ± 2.37 b

Root length (cm)

34.9 ± 1.50 d

35.3 ± 1.61 d

40.4 ± 1.68 c

54.3 ± 1.42 a

50.7 ± 1.74 ab

47.4 ± 1.56 b
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Table 2. Effect of six concentrations of foliar sprays of ICN [0 (control), UCN, 40, 80, 120, and 160 mg L–1] on physiological parameters
of Mentha piperita L. at 150 DAP (mean of five replicates ± SE). Means within a row followed by the same letter(s) are not significantly
different according to DMRT (P ≤ 0.05).
Treatments

Treatment 1
(control)

Treatment 2
(UCN)

Treatment 3
(ICN 40 mg L–1)

Treatment 4
(ICN 80 mg L–1)

Treatment 5
(ICN 120 mg L–1)

Treatment 6
(ICN 160 mg L–1)

Total chlorophyll content (mg g–1 FW)

1.66 ± 0.018 d

1.69 ± 0.025 d

1.77 ± 0.019 c

2.02 ± 0.023 a

1.92 ± 0.023 a

1.88 ± 0.029 b

Total carotenoids content (mg g–1 FW)

0.380 ± 0.009 d

0.388 ± 0.010 d

0.429 ± 0.007 c

0.484 ± 0.014 a

0.469 ± 0.010 ab

0.451 ± 0.009 bc

CA activity (µM CO2 kg–1 FW S–1)

243.45 ± 2.71 d

247.63 ± 2.45 d

275.41 ± 2.31 c

298.75 ± 3.06 a

287.46 ± 2.04 b

283.63 ± 2.83 b

NR activity (nM NO2 g–1 FW h–1)

348.67 ± 3.52 d

355.34 ± 3.23 d

384.38 ± 3.15 c

417.42 ± 3.02 a

404.46 ± 4.15 b

391.71 ± 3.81 c

Chlorophyll fluorescence (Fv/Fm)

0.711 ± 0. 006 e

0.717 ± 0.005 de

0.734 ± 0.006 d

0.827 ± 0.005 a

0.778 ± 0.006 b

0.758 ± 0.006 c

3.2.2. Nitrate reductase (NR) activity
NR, a very important enzyme involved in nitrogen
assimilation, depends upon a variety of factors, both
exogenous as well as endogenous, and catalyzes NAD(P)H
reduction of nitrate to nitrite and also acts as a nutritional
status indicator of the plant. At 150 DAP, 80 mg L–1 ICN
proved optimum for NR activity, showing an increase of
19.7% compared to the control and unirradiated chitosan
(Table 2). The probable chitosan oligomer-mediated
increase in NR activity in the present study might be
attributed to the improvement of leaf nitrogen content,
which might have increased the amount of leaf nitrate to be
assimilated by the enzyme. Substrate concentration results
in the induction of functional enzyme activity (Hewitt
and Afridi, 1959), i.e. increased nitrate concentration
stimulates NR activity by producing a protein of unknown
nature involved in sensing the available nitrate (Campbell,
2002). Moreover, increased activity of the enzyme can also
be attributed to the possible role of chitosan oligomers in
the increased synthesis of the enzyme, as oligosaccharides
induce signaling processes and stimulate various
physiological phenomena in many plants (Hein et al.,
2009).
3.2.3. Carbonic anhydrase (CA) activity
CA, an enzyme with a high turnover rate, plays a very
important role in increasing the accessibility of CO2 to
RuBisCo in photosynthesis; it catalyzes the reversible
addition of water to CO2, forming HCO3– (Badger
and Price, 1994) in addition to controlling processes
like ion exchange, acid–base balance, carboxylation/
decarboxylation reactions, and CO2 diffusion within the
cells and cell vicinity (Georgios et al., 2004). CA is of
immense importance in photosynthesis, which is evident
from its presence in almost all photosynthesizing tissues
(Taiz et al., 2014). A significant increase of 22.6% at 150
DAP compared to the control and UCN (Table 2) was
observed in CA activity due to the application of chitosan
oligomers, which might be due to increased diffusion of
CO2 through the stomata to be acted upon by CA, which

in turn might be attributed to the enhancement of stomatal
conductance through the application of radiolytically
degraded polymers, as reported by Naeem et al. (2011).
The present study’s results are in agreement with those
of Dar et al. (2015). Furthermore, increased CA activity
can also be due to increased synthesis of the fresh enzyme,
which is due to transcription/translation associated with
CA activity, as reported for some degraded polysaccharides
by Knowles and Ries (1981). Moreover, these findings are
in accordance with the studies of those who observed
the synthesis of certain enzymes when degraded natural
polysaccharides were applied in tissue cultures (Akimoto
et al., 1999; Boland et al., 2006).
3.2.4. Leaf N, P, and K contents
Radiation-processed polysaccharides may increase
membrane permeability in a similar manner to common
growth regulators in plants (Al-Wakeel et al., 1995; Aftab
et al., 2013), which facilitates the absorption of nutrients,
the transport of photosynthates, and their utilization
in plants (Khan et al., 1996; Aftab et al., 2011). This can
lead to enhanced biomass production, as reflected in
increased fresh and dry weights in the present study. A
significant increase was observed in leaf N and P contents.
Leaf K content was also increased, but it was found to
be nonsignificant. Maximum increases of 18.2%, 10.1%,
and 7.9% were observed in leaf N, P, and K contents of
peppermint, respectively, compared to the control and
UCN at 150 DAP (Table 3). It is indicative from the studies
that the optimum concentration of ICN for peppermint
is 80 mg L–1; a progressive decrease is observed when
the concentration is increased beyond this level. Similar
increments in leaf N and P contents were reported by Ali
(2014) and Dar et al. (2015) in eucalyptus and fenugreek,
respectively. Furthermore, our finding is strengthened by a
few reports wherein radiation-processed polysaccharides
have been found to enhance leaf N and P contents (Aftab
et al., 2013). As discussed above, increased growth can
possibly result in enhanced uptake of soil nutrients,
resulting in their accumulation in the plant leaves.
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Table 3. Effect of six concentrations of foliar sprays of ICN [0 (control), UCN, 40, 80, 120, and 160 mg L–1] on physiological parameters
of Mentha piperita L. at 150 DAP (mean of five replicates ± SE). Means within a row followed by the same letter(s) are not significantly
different according to DMRT (P ≤ 0.05).
Treatments

Treatment 1
(control)

Treatment 2
(UCN)

Treatment 3
(ICN 40 mg L–1)

Treatment 4
(ICN 80 mg L–1)

Treatment 5
(ICN 120 mg L–1)

Treatment 6
(ICN 160 mg L–1)

Leaf phosphorus content (%)

0.237 ± 0.0017 c

0.238 ± 0.0015 c

0.249 ± 0.0029 b

0.261 ± 0.0027 a

0.254 ± 0.0029 ab

0.252 ± 0.0032 b

Leaf potassium content (%)

2.38 ± 0.056 a

2.40 ± 0.051 a

2.48 ± 0.052 a

2.57 ± 0.049 a

2.53 ± 0.044 a

2.50 ± 0.061 a

Total phenol content (mg g–1 ) 2.49 ± 0.032 e

2.53 ± 0.026 e

2.67 ± 0.025 d

2.94 ± 0.033 a

2.85 ± 0.017 b

2.76 ± 0.027 c

Leaf nitrogen content (%)

2.66 ± 0.029 d

2.80 ± 0.032 c

3.12 ± 0.043 a

3.05 ± 0.046 ab

2.98 ± 0.038 b

2.64 ± 0.045 d

Moreover, chitosan contains 8.7% nitrogen, which may
additionally aid in the accumulation of this nutrient.
3.2.5. Total phenol content
A plant’s free radical-scavenging ability is reflected
in the phenolic content of the leaf, which aids in the
maintenance of normal growth at those stages where
there is rapid free-radical production, resulting in worse
aging effects (Dimitrios, 2006). A significant increase of
18.1%, compared to the control and UCN, was observed
in phenolic content (Table 3) in the 80 mg L–1 chitosan
oligosaccharide treatment. A decrease was observed from
120 mg L–1 onwards. These results are in accordance with
those reported by Naeem et al. (2011) in Mentha arvensis
L. on the application of depolymerized polysaccharides.
Elicitor exposure leads to the signaling of jasmonic acid
and its methyl ester in plants (Doares et al., 1995) and
the latter has been found to be associated with increased
secondary metabolites (Walker et al., 2002).
3.2.6. Chlorophyll fluorescence
Chlorophyll fluorescence, a widely used tool to study
photosynthetic metabolism and PSII activity (Nedbal
et al., 2000; Baker, 2008), can be used to appraise
oligosaccharide-induced efficiency increases in the
photosynthetic apparatus. Fv/Fm (maximum quantum
efficiency of PSII) is well-known for its correlation with
photosynthetic efficiency of the leaf (Shangguan et al.,
2000). A significant enrichment of 16.3% was observed
in chlorophyll fluorescence of peppermint treated with
80 mg L–1 ICN compared to the control and UCN (Table
2). Reports regarding this are scanty and further study is
needed to elucidate the actual mechanism of the increased
quantum efficiency. However, it might be that application
of chitosan oligomers increases the energy transfer
efficiency of antenna molecules to the PSII reaction center,
thereby stimulating its activity. Decline in Fv/Fm hampers
the photosynthetic rate, resulting in the reduced growth
and development of the plants (Baker and Rosenqvist,
2004). A significant increase in growth in the present
case indicates the possible role of the elicitor (chitosan
oligomers) in enhanced chlorophyll fluorescence.
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3.3. Yield attributes
Increased growth, enzyme activities, and nutritional
status could lead to proficient assimilation and efficient
translocation and partitioning of photosynthates,
resulting in better leaf growth and increased EO yield. A
similar view was put forth by Swamy and Rao (2009), who
suggested that enhanced levels of chlorophyll, coupled with
increased photosynthesis, might increase carbohydrate
levels; the latter, and their potential diversion to secondary
metabolism, might contribute to highly elevated EO levels
in plants. Significant increases of 36.8% and 126.1% in
EO content and yield, respectively, were reported in the
present study for the 80 mg L–1 ICN treatment compared
to the control (Figures 2a and 2b). UCN did not show any
significant increase in yield and active constituents. The
progressive increase in the yield parameters up to 80 mg
L–1 ICN supports the idea that the 80 mg L–1 concentration
is optimum for the overall performance of peppermint.
The active constituents, menthol and 1,8-cineole,
increased by 14.83% (Figure 3a) and 113.8% (Figure 3b),
respectively. However, menthone and menthyl-acetate
contents decreased by 2.5% (Figure 3c) and 4.8% (Figure
3d), respectively, in the 80 mg L–1 treatment, while the
40 mg L–1 treatment increased menthone and menthylacetate content by 29.9% and 5.6%, respectively, compared
to the control and UCN at 150 DAP (Figures 4a and 4b).
On the other hand, menthol, menthone, menthyl-acetate,
and 1,8-cineole yields increased by 159.7% (Figure 5a),
121.7% (Figure 5b), 114.3% (Figure 5c), and 366.6%
(Figure 5d), respectively. Hence, improved yield attributes
with ICN might support the role that ICN plays in plant
growth stimulation (Ali, 2014; Dar et al., 2015). Moreover,
increases in the yield attributes through the application of
radiation-processed polysaccharides have been reported
widely (Mollah et al., 2009; Ali, 2014; Dar et al., 2015).
ICN might have a promotive effect on the key regulatory
enzyme (limonene synthase) located in the leucoplasts of
the secretory cells of glandular trichomes. Furthermore,
the presence of the receptors for chitosan in the plasma
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Figure 2. Effect of six concentrations of foliar sprays of ICN [0 (control), UCN, 40, 80, 120, and 160 mg L–1]
on EO content (a) and EO yield per plant (b) of peppermint (Mentha piperita L.) at 150 DAP. Means within a
column followed by the same letter(s) are not significantly different (P ≤ 0.05). Error bars show SE.

Figure 3. Effect of six concentrations of foliar sprays of ICN [0 (control), UCN, 40, 80, 120, and 160 mg
L–1] on menthol content (a), 1,8-cineole content (b), menthone content (c), and menthyl-acetate content
(d) of peppermint (Mentha piperita L.) at 150 DAP. Means within a column followed by the same letter(s)
are not significantly different (P ≤ 0.05). Error bars show SE.
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Figure 4. GC of control (deionized water) (a) and treatment (80 mg L–1 irradiated chitosan) (b) plants showing different peaks
of different Mentha piperita L. EO components.

membrane of plants (Chen and Xu, 2005; Amborabé et al.,
2008), the stimulation of chitosan-induced DNA synthesis
via GPCR and PLC/PI pathways (Boland et al., 2003a,
2006; Colucci et al., 2003), and the chitosan-elicited methyl
jasmonate biosynthesis (Doares et al., 1995) give a possible
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link between the activation of methyl jasmonate response
elements in DNA and the foliar application of ICN.
Conclusively, enhanced methyl jasmonate biosynthesis
leads to increased secondary metabolite production,
thereby increasing plant EO content and yield (Walker et
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Figure 5. Effect of six concentrations of foliar sprays of ICN [0 (control), UCN, 40, 80, 120, and 160 mg L–1] on menthol yield per plant
(a), menthone yield per plant (b), menthyl-acetate yield per plant (c), and 1,8-cineole yield per plant (d) of peppermint (Mentha piperita
L.) at 150 DAP. Means within a column followed by the same letter(s) are not significantly different (P ≤ 0.05). Error bars show SE.

al., 2002). Furthermore, increases in the content and yield
of active constituents like menthol and 1,8-cineole were
observed by Lei et al. (2011) and Ali (2014), who reported
significant enhancement in artemisinin and citronellal
contents in Artemisia and Eucalyptus, respectively, through
the foliar application of chitosan oligomers. The significant
decrease in the content of menthone and menthyl acetate, as
observed in the present study, can be because of an increase
in menthol content, as revealed in the monoterpene
biosynthetic pathway in the plant (Figure 6). However,
1,8-cineole biosynthesis diverges at the initial stage, as it is
directly synthesized from geranyl phosphate by the action
of 1,8-cineole synthase (Figure 6). It is thought that ICN
might play a part in the increased expression of the enzymes

pulegone reductase (producing menthol from pulegone)
and 1,8-cineole synthase (producing 1,8-cineole from
geranyl phosphate) via different signaling pathways and/
or transcription/translation and de novo DNA synthesis.
Reports regarding the increased production of secondary
metabolites due to chitosan application involving different
pathways like activation of the phospholipase C/protein
kinase C pathway (Boland et al., 2003a, 2003b), mitogenicactivated protein kinase cascade, and phosphoinositide
3′-OH-kinase pathway, as well as the participation of Ca2+
signaling mechanisms (Boland and Vasconsuelo, 2007),
indicate the possible mechanisms involved in chitosaninduced increases in EO and menthol and 1,8-cineole
contents in the present study.
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Figure 6. Some of the important enzymes involved in the biosynthesis of some of the important monoterpenes in peppermint, and also
the localization of these enzymes in different organelles, e.g., geranyl diphosphate and limonene (plastid); isopiperitone, cis-pulegone,
and pulegone (mitochondria); trans-isopiperitenol and menthofuran (endoplasmic reticulum); and menthone, menthol, and menthyl
acetate (cytosol). After Croteau et al. (2000) and Turner and Croteau (2004).

3.4. Conclusions
The present study illustrated the elicitor effect of irradiated
chitosan, which results in significant increases in growth,
biochemical, physiological, and yield parameters that
enhance the main active constituent, i.e. menthol, thereby
improving the quality of the EO of Mentha piperita L.
The results indicated the optimum concentration of
ICN (80 mg L–1) for the maximum elicitation of growth,
physiological, and yield responses in peppermint. It seems
that 80 mg L–1 acts as the proper ligand concentration for
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the stimulation of available receptors in order to trigger
different signaling pathways like GPCR and PLC/PKC in
the plant, leading to a maximum response. This study may
inspire agronomists to find the optimum concentrations
of irradiated chitosan for various medicinal and aromatic
plants for better quality and increased production of
EOs. Additionally, this technique is safe, as it exposes
polymers, not the plants, to radiation, and convenient, as
it involves a single-step degradation format. Furthermore,
the technique is economical, as the chitosan oligomers are

AHMAD et al. / Turk J Biol
effective in very small concentrations. In summary, the
application of chitosan oligomers is an economical way of
enhancing the quality and yield of plants like peppermint.
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